Silicon hydrogenation is nowadays studied with the aim of developing and improving a technological method known as 'smart cut' used in the fabrication of 'silicon-on-insulator' devices. The goal of our study is to characterize the defects induced in silicon wafers after exposure to hydrogen RF plasma. Si 001 wafers have been treated at 250
Introduction
From a technological point of view, silicon hydrogenation has a history of a few decades in the silicon industry. During this period the role played by the hydrogen atoms inserted in a silicon matrix has been studied in relation to the control of the doping atoms activity, defect passivation or suppression of the carrier traps [1] [2] [3] . However, a new context has arisen about silicon hydrogenation, aiming at the development of a technological method known as Smart Cut TM used in the fabrication of the 'silicon-on-insulator' (SOI) devices [4] . The method amounts to mechanically removing a layer of single crystalline silicon followed by attaching it to the desired substrate, for example an amorphous insulating substrate. In principle, this might be achieved by creating a high density of defects at a certain depth under the surface of a Si wafer and then peeling off the Si layer situated above the mechanically weakened rich-in-defects region. Successful experiments have been reported concerning the smart cut procedure by hydrogen ion implantation, where layers as thin as 200 nm have been removed from Si wafers [4] [5] [6] [7] . In our research we employ H plasma in order to induce the necessary amount of defects. Apart from the lower cost, we expect the use of H plasma instead of H ion implantation to be less harmful to the Si layer to be removed by smart cut. Also, the possibility of peeling off even thinner layers is taken into consideration [8] .
However, throughout this paper we are concerned with the physical processes behind the technological process known as Smart Cut TM , namely the extended defect formation.
This paper is intended to give a structural characterization of the extended defects induced by RF hydrogen plasma treatment. Consequently, the working conditions during the hydrogenation experiments have been deliberately chosen in order to produce defects containing samples appropriated for the TEM characterization of their nature and the associated strain field: the defects should be sufficiently dispersed, with no overlapping strain fields. In general, the defects introduced in Si by H ion implantation or plasma treatment are planar defects, bubbles and dislocation loops. The presence of H ions in the Si lattice results in H decoration of the created defects which, consequently, show features different from the classical defects encountered in Si. Many aspects about these defects, generically called hydrogen induced platelets (HIPs), have been studied by other authors in their works [9] [10] [11] where it was shown that they were mainly multiple planar defects or microcracks oriented along the {1 1 1} and sometimes {1 0 0} planes. However, although TEM/HRTEM results are mentioned in previous papers concerning the HIPs, not many dedicated TEM studies have been performed concerning the nature and fine structure of these defects. In our previous work, we have reported on the general aspects concerning the surface roughening and the formation of crystal defects in H-plasma treated Si wafers as a function of the treatment parameters and the electrical conductivity of the Si wafer [12] [13] [14] [15] . In [15] , performing TEM/HRTEM studies, we have obtained important qualitative and quantitative information about the {1 1 1} defects and their strain field, showing that they have an intrinsic character, but, due to hydrogen decoration, they differ from ordinary {1 1 1} stacking faults occurring in silicon. In this paper, we present a detailed TEM/HRTEM characterization of two kinds of defects observed in our samples, the hydrogen bubbles and the {1 0 0} planar defects. To our knowledge, this is the first extended report on {1 0 0} planar defects in hydrogenated Si.
Experimental
Boron-doped p-type (0 0 1) Si wafers have been exposed to a 110 MHz RF H-plasma treatment for 1, 2 and 4 h. The wafer temperature during the H-plasma treatment was maintained at 250 • C. Specimens for TEM observations have been prepared in plan view and cross section by mechanical polishing and ion milling using a Baltec RES 010. For the TEM observations we used two microscopes: a Philips CM 20 operated at 200 kV for the conventional TEM observations and a JEOL 4000 EX electron microscope operated at 400 kV for the HRTEM studies.
Results and discussion
It is worth mentioning that silicon is beam sensitive when exposed to a high dose, 400 keV electron beam, which were the working conditions we used for the HRTEM observations in the JEOL 4000 EX electron microscope. After about 1 min of observation in the HRTEM conditions, the irradiation effects become visible as beam induced {1 1 3} defects, as described by Fedina et al [16] . Silicon specimen observation at low magnification, meaning also low electron beam dose, did not result in visible effects in the specimen like the creation of extended defects. Being aware of this, we took special caution when recording the HRTEM images of our defects. The microscope adjustments (optimum illumination, defocus, astigmatism) have been operated in a region different from but close to the defect area. Once the microscope parameters were adjusted, the area containing the defect was selected and several HR images were recorded during the first 30 s of irradiation. Consequently, the defects analysed in this paper were created by the H plasma only and not by the electron beam during observation in the microscope. We have first observed and analysed them at 200 kV using a Philips CM20 microscope employing the conventional TEM techniques and, later, we studied the same samples in the JEOL 4000EX microscope at 400 kV.
Our hydrogenated Si wafers show four major features:
(i) A certain surface coarsening, depending on the parameters of the plasma treatment. The roughness increases with the treatment duration. The surface roughening consists of the formation of micropyramids having the {1 1 2} crystallographic planes as lateral faces and it is caused by the etching effect of the hydrogen RF plasma. The latter two kinds of defects will be analysed hereafter.
H bubbles
H bubbles were expected to appear as defects in hydrogenated Si. The TEM observations revealed their rather rare presence both in plan view and cross section specimens. They appear as agglomerations of bubbles with dimensions between 5 and 20 nm. Larger bubbles were surrounded by strain field; when imaged in plan view close to the [0 0 1] zone axis, a striking 4-fold symmetry flower-like contrast (figure 1(a)) probably due to strain field contours is revealed. The core of this defect shows a brighter contrast, suggesting a cavity inside the silicon matrix. In order to elucidate the origin of this contrast, tilting and image defocusing experiments have been figure 1(c) ) the bubbles show a bright inner fringe, while at f > 0 ( figure 1(d) ) the inner fringe is dark. This diffraction contrast behaviour is characteristic of cavities inside a solid matrix [17] . Moreover, these cavities might contain molecular hydrogen, as revealed by previous Raman measurements [12] .
{1 0 0} defects
Although at a lower density than the {1 1 1} defects, planar-like defects oriented along the {1 0 0} planes have been observed in the hydrogenated samples. In principle, {1 0 0} planar defects are not characteristic of the diamond cubic materials, because {1 0 0} is not a slip plane in these crystallographic systems. However, a somewhat similar {1 0 0} planar defect has been reported by Muto and Takeda [18] for germanium wafers subjected to deuteron irradiation. Also, {1 0 0} platelets have been observed in hydrogenated Si and Ge by Akatsu et al in [19] . In the following sections, a diffraction contrast and HRTEM analysis of the {1 0 0} planar defects observed in our hydrogenated silicon wafers will be presented.
Diffraction contrast analysis.
The diffraction contrast of a typical {1 0 0} planar defect in hydrogenated Si wafers can be followed in the series of low magnification XTEM images in figure 2. The defect is bordered by a dislocation loop situated rather deep under the free surface of the wafer, intercepting the TEM specimen surface on its right side.
In order to determine the habit plane and Burgers vector, a series of images of the loop have been recorded in various tilts. The bright field (BF) image of the defect close to the B = [1 1 0] zone axis is presented in figure 2 (a), with thē 220 diffraction spot strongly excited. The dislocation loop as well as vertical fringes (parallel to [0 0 1]) inside the loop are clearly visible. The fringes inside the dislocation loop indicate the presence of a planar defect. After tilting the specimen so that the 004 spot becomes strongly excited ( figure 2(b) ), staying close to B = [1 1 0], the left part of the dislocation loop (white arrow in figure 2(b) ) and the inner vertical fringes become invisible. The extinction of the internal fringes in this two beam orientation indicates that the displacement vector associated with the planar defect is oriented perpendicular to the 004 reciprocal vector, thus belonging to the (0 0 1) plane. Consequently, the Burgers vector of the dislocation is not situated in the loop plane, meaning that this is a prismatic loop. According to the invisibility criterion g·bxu = 0 for a prismatic loop [20] and considering the slip-system characteristic for diamond cubic materials, the Burgers vector is situated in the The following conclusions about this kind of defects can therefore be derived: (i) they are bordered by prismatic dislocation loops situated in an {1 0 0} crystallographic plane; (ii) the Burgers vector of the dislocation loops might be of the kind 1/y[1 1 0], with y ≈ 2, as suggested by the {1 1 1}[1 1 0] slip system in diamond cubic structures and verified by the invisibility criterion; (iii) the dislocation loops include planar defects evidenced by the presence of inner fringes.
HRTEM observations.
Typically, the interpretation of the HRTEM images of the {1 0 0} defects in hydrogenated Si wafers is rather difficult due to the presence of a high stress field around them. Consequently, the phase contrast around the defects is locally perturbed, sometimes to complete inversion. Therefore, the HRTEM observations have been performed only on the thinnest areas of the specimens.
An HRTEM image showing one end of an edge-on (0 0 1) defect along the [1 1 0] zone axis is shown in figure 3 . The stress field around the end of the defect is relaxed by a local disorientation of the thin foil evidenced by the almost continuous aspect of the rows of bright dots along the {1 1 1} planes. Still, the bright dots are well discernable In figure 4 (a), a fragment of the same planar defect bordered by this dislocation is imaged. One can notice that the defect is not strictly limited to a single (0 0 1) plane, but is diffusely spread over 3 or 4 adjacent planes. In order to reveal the displacement field around the defect, we used the Fourier filtering technique and the geometrical phase method (GPM) [21] . Fourier filtered images obtained by selecting the 111,111 and 002 spots from the power spectrum are displayed in figures 4(c)-(e), respectively. One can notice that the (11 1) family of planes is only faintly affected (some loss of contrast) by the presence of the defect, while for the (111) planes a phase shift can be observed in the upper part with respect to the bottom part across the defect. The 002 filtered image shows important distortions especially along the defect, where fragments of the interstitial (0 0 2) planes can be observed (like small interstitial loops). The loss of fringe contrast can be related to a high degree of disorder in the lattice, resulting from the accumulation of vacancies and interstitials followed by their condensation on a {0 0 1} plane, as revealed by the 002 filtered image. It is well known in the literature that this mechanism represents the formation mechanism of prismatic dislocation loops [22] . Since this kind of defect is not characteristic of silicon, but occurs only in hydrogenated wafers, one may say that vacancies and interstitials are formed from the interaction between the Si lattice and the in-diffused H atoms.
The displacement and strain fields around the defect have been determined using the GPM, considering as reference an XY vector system defined by the g 1 = (220) and g 2 = (002) vectors in the power spectrum of the image. Using the GPM routines under Digital Micrograph software, geometrical phase images g1 (r) and g2 (r) are generated (not shown here) by selecting the220 and 002 spots from the power spectrum. These are indexed images showing, in levels of grey, the local shift of the HR fringes with respect to a defined reference area. The levels of grey are scaled to the [−π ; π ] phase range. Using the GPM theory, the vectorial displacement field can be calculated from the phase images, according to the equations
where a 1 and a 2 represent the real lattice vectors corresponding to the reciprocal lattice vectors g 1 and g 2 . In our case, the corresponding real lattice vectors are a 1 = 1/4[1 1 0] and a 2 = 1/2[0 0 1] and they are oriented parallel to OX and OY, respectively. Consequently, equations (1) become figure 4 (g), with positive displacement above the defect and negative below it, shows that in the case of this segment the defect has an extrinsic character. Similar profiles obtained from other segments of the defect show an intrinsic character, depending on whether the defect represents a local accumulation of in excess interstitials or vacancies. By further deriving the displacement field components, one can calculate and map out the matrices of the local lattice distortion e given by e ij = ∂u i /∂x j and the strain field ε = 1/2(e + e T ) around the defect (T denotes the transpose of the matrix). In figures 4(h) and (i) the ε xx = ∂u x /∂x and ε yy = ∂u y /∂y components are displayed, showing that the strain is confined around the dislocations originating from the defect or around the small loops along the defect. The values can be read on the corresponding averaged line profiles and one can see that they are one order of magnitude higher for ε yy (up to ∼7%) than for the ε xx component (below 0.5%). One can also see that the strain field does not have a definite tensile or compressive character around the defect.
Regarding the accuracy of the quantitative determinations, we mention two problems. We recall that the HRTEM observations have been performed in the thinnest regions of the specimen, where elastic relaxation of the strain is present. On the other hand, we observed that prolonged exposure to the electron beam leads to the defect annihilation. The defect instability under high-dose electron irradiation might explain the fact that the small loops observed along the defect on the HRTEM images are not observable inside the dislocation loop on the CTEM images. The surface relaxation in the thin regions and the defect instability in the electron beam make us regard the quantitative GPM results with proper caution. Although the absolute values should not be fully trusted, the GPM results give the order of magnitude and the nature of the strain field surrounding the defect.
These silicon hydrogenation experiments using RF hydrogen plasma have been performed in the context of the current studies aiming to improve the Smart Cut TM technology.
However, the samples analysed throughout this paper were not produced in the optimum conditions for the peeling of a thin Si layer, but in conditions allowing us to describe by the TEM/HRTEM the nature and the strain field associated with the extended defects induced by the RF hydrogen plasma. In our opinion, the formation mechanism of the described defects seems to be the same in both the cases, namely an accumulation of in excess self-interstitials and vacancies. The interaction between the in-diffused H atoms and the Si lattice, based on the high chemical reactivity of the H atoms against the Si-Si bonds is at the origin of the lattice vacancies and self-interstitials formation. In our opinion, hydrogen plays a double role in the formation of these defects. On the one hand, monoatomic hydrogen from the RF plasma diffuses inside the silicon lattice and, due to its high reactivity, Si-Si bonds are broken. As a result, Si-H complexes leading to volatile SiH 4 [12, 23, 24] may be formed on the Si surface, but also inside the lattice, in a thin layer beneath the surface, where there is a high concentration of in-diffused H atoms. This process can explain the roughness of the Si wafer by the H-plasma treatment, where the RF plasma has an important etching effect. The resulting in excess vacancies and self-interstitials condense, leading to the formation of nanocavities and prismatic dislocation loops. On the other hand, the dangling bonds of the Si atoms bordering these defects are likely to be saturated with H, as revealed by Raman spectroscopy spectra [9, 12] where the vibration mode at 2100 cm −1 is attributed to the Si-H bond. This way, the H atoms induce the defect formation and also stabilize the created defects. Moreover, molecular hydrogen might be formed inside the nanocavities, as suggested by the 4150 cm −1 peak in our Raman spectroscopy results [12] .
Conclusions
This paper presents the TEM/HRTEM results concerning two kinds of structural defects induced by H plasma into Si wafers: H bubbles and {1 0 0} planar-like defects. The presence of the bubbles and the characterization of their strain field have been analysed by the conventional TEM techniques. The {1 0 0} defects have been complementarily studied by the CTEM and HRTEM observations. We have shown that these are planarlike defects bordered by dislocation loops with b = 1/y 110 Burgers vector, with y ≈ 2. The displacement field and the strain distribution around the defect have been determined by the GPM. The formation mechanism in the case of these two kinds of defects seems to be based on the high reactivity of the plasma H atoms with respect to the Si lattice. After volatile Si-H species are created and eliminated from the lattice, the resulting vacancies and self-interstitials condense, generating clusters of nanocavities and planar-like defects along the {1 0 0} crystallographic planes.
